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a b s t r a c t 

The coronavirus disease 2019 (COVID-19) has prompted an urgent demand for nanotechnological solu- 

tions towards the global healthcare crisis, particularly in the field of diagnostics, vaccines, and thera- 

peutics. As an emerging tool for nanoscience and technology, micro/nanorobots have demonstrated ad- 

vanced performances, such as self-propelling, precise maneuverability, and remote actuation, thus hold 

great potential to provide breakthroughs in the COVID-19 pandemic. Here we show a plasmonic-magnetic 

nanorobot-based simple and efficient COVID-19 detection assay through an electronic readout signal. The 

nanorobots consist of Fe 3 O 4 backbone and the outer surface of Ag, that rationally designed to perform 

magnetic-powered propulsion and navigation, concomitantly the probe nucleic acids transport and re- 

lease upon the hybridization which can be quantified with the differential pulse voltammetry (DPV) 

technique. The magnetically actuated nanorobots swarming enables enhanced micromixing and active 

targeting, thereby promoting binding kinetics. Experimental results verified the enhanced sensing effi- 

ciency, with nanomolar detection limit and high selectivity. Further testing with extracted SARS-CoV-2 

viral RNA samples validated the clinical applicability of the proposed assay. This strategy is versatile to 

extend targeting various nucleic acids, thus it could be a promising detection tool for other emerging 

pathogens, environmental toxins, and forensic analytes. 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

Micro/nanorobots are small-scale artificial machines that ratio- 

ally designed to perform predefined tasks by converting vari- 

us energies into mechanical motion and various chemical triggers 

o perform the designed action [ 1–5 ]. Along with their advanced 

erformances, such as autonomous self-propelling, precisely ma- 

euverable speed and direction, and remote actuation, these tiny 

obotic systems have demonstrated great potential for a wide 

ange of applications, including sensing [6–8] , targeted delivery [ 2 ], 

icrosurgery [ 9 , 10 ], biofilm disruption [ 11 , 12 ], and environmen-

al remediation [ 13 , 14 ]. In particular, micro/nanorobots have been 
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xploited to enhance the analytical performance in biosensing ap- 

lications [ 6 , 7 ]. The continuous movements of the bioreceptor- 

unctionalized micro/nanorobots lead to microscale fluid mixing 

nd ‘on-the-fly’ target capturing, which enables the enhanced 

inding kinetics between biomolecules [ 2 , 6 ]. This strategy offers 

mproved sensitivity and efficiency of the biological target capture 

nd isolation for the proteins [ 8 , 15 ], nucleic acids [16] , and cells

 17 , 18 ]. 

The coronavirus disease 2019 (COVID-19) pandemic has had a 

evastating impact on global society, with more than 175 million 

onfirmed cases and 3.7 million deaths over 220 countries (as of 

une 08, 2021, according to the World Health Organization (WHO) 

eport) [19] . Although the spread of the virus seemed to be miti- 

ated through quick adaptation of communities to the “new nor- 

al”, such as social distancing, regular sanitization, quarantining 

 20 , 21 ], there are still serious difficulties in epidemic control with 

he silent transmission of asymptomatic infections [22] , and the 

https://doi.org/10.1016/j.apmt.2022.101402
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mergence and spread of multiple variants [23] . Under these dif- 

culties, continuous diagnostic tests are mandated until the end of 

he pandemic by achieving herd immunity with an effective vac- 

ine distribution. Fast screening and isolation are the most effec- 

ive strategy for curbing the disease transmission and are being 

trongly pursued [ 24 , 25 ]. Current testing largely depends on quan- 

itative reverse transcription polymerase chain reaction (RT-qPCR) 

ssays, which are the most accurate and the gold standard [26] . 

owever, these techniques require laborious procedures and bulky 

nstrumentation, thus it has been pointed out their limitations to 

e scaled for extensive public health testing [ 27 , 28 ]. Serological 

ateral-flow assays are supporting as a point-of-care (POC) tool, but 

lso showed suboptimal sensitivity for the early stage of infections 

 29 , 30 ]. In this context, nanotechnology-enabled approaches have 

n opportunity to provide alternatives for simple and precise viral 

etection [ 25 , 26 , 31 ]. 

Here, we present a simple and efficient COVID-19 detection 

ssay with plasmonic-magnetic nanorobots through an electronic 

eadout platform (see Scheme 1 ). As a nanoscale building block of 

anorobots, the Fe 3 O 4 /Au/Ag nanoparticles (NPs) were synthesized 

y a sequential chemical reduction method. Firstly, under 10 nm 

u seeds were formed on the Fe 3 O 4 NPs, which facilitates nu- 

leation and growth of high-density Ag particles, leading to the 

ierarchically structured Fe 3 O 4 /Au/Ag NPs. The nanorobots were 

eadily fabricated by assembling Fe 3 O 4 /Au/Ag NPs into rod-shaped 

icroaggregates, which enables controllable propulsion and navi- 

ation under the rotating magnetic field. Also, the Ag surface of 

anorobots provides the probe DNAs tagging and releasing site de- 

ends on hybridization reaction. The magnetic actuation of probe 

NA-tagged nanorobots led to promoted target binding reaction 

ith their complementary nucleic acids. The resulting hybridized 

uplex can be released from the nanorobots due to the change of 

lectrostatic properties. Thus, the quantifying remnant probe DNAs 

y electrochemical signal confirms the detection of target nucleic 

cids. Exploiting these versatile concepts, we demonstrated mag- 

etically actuated nanorobot-based detection of the severe acute 

espiratory syndrome coronavirus 2 (SARS-CoV-2) RNA. Experi- 

ental results verified the nanorobot swarming enhanced sensing 

fficiency, with nanomolar detection limit and high selectivity. Fur- 

her, the clinical applicability of the proposed assay was validated 

sing extracted SARS-CoV-2 viral RNA samples. 

. Results and discussion 

.1. Plasmonic-magnetic nanorobot-based sensing strategy for 

ARS-CoV-2 RNA detection 

Scheme 1 illustrates the procedure for the plasmonic-magnetic 

anorobot-based electrical readout platform for SARS-CoV-2 RNA 

etection. We first designed the single-stranded DNA (ssDNA) 

robes with a length of 20 mer, specifically targeting the N gene 

nucleocapsid phosphoprotein) sequence of the SARS-CoV-2, which 

as been recommended for COVID-19 screening tests (Table S1, 

upporting Information) [ 29 , 32 ]. The target viral RNA detection ex- 

loits different electrostatic properties of the ssDNA probe and its 

ybridized duplex. Upon incubating with Fe 3 O 4 /Au/Ag nanorobots, 

sDNA probes can be preferentially attached to the Ag surface of 

anorobots via the van der Waals force between nucleobases and 

etallic nanostructure, as described in previous reports [33–35] . 

hen, probe DNA-tagged nanorobots are magnetically navigated in 

he assay solution. Their autonomous movement generates an en- 

anced mass transfer, and thus higher chance for the target vi- 

al RNA capture and hybridization [ 6 , 16 ]. When ssDNA probes are

ybridized with complementary target RNAs, the nucleobases are 

uried within the negatively charged helical phosphate backbones, 

esulting in electrostatic repulsion is dominant between hybridized 
2 
uplex and citrate-coated Fe 3 O 4 /Au/Ag nanorobots [ 36 , 37 ]. There- 

ore, the preloaded ssDNA probes were released by nucleotide hy- 

ridization and washed out from the assay solution ( Scheme 1 a). 

fter completion of the target capturing and releasing step in the 

ssay tubes, the resulting nanorobots were collected and sequen- 

ially transferred on the screen-printed electrode (SPE), in which 

 small neodymium magnet is equipped underneath the working 

lectrode for better locating Fe 3 O 4 /Au/Ag nanorobots on the elec- 

rode surface. The remnant probe DNAs on the nanorobots can be 

uantified using direct electrochemical oxidation of the guanine 

G) residues by the differential pulse voltammetry (DPV) technique. 

onsequently, a decrease of the oxidative peak intensity is propor- 

ional to the concentration of detected SARS-CoV-2 RNA, which is 

onsidered as a positive signal in the assay ( Scheme 1 b). 

.2. Synthesis and characterization of the plasmonic-magnetic 

anoparticles 

The Fe 3 O 4 /Au/Ag NPs, as a building block for assembling 

anorobots, were synthesized through a facile two-step sequen- 

ial chemical reduction method (Fig. S1, Supporting Information). 

irstly, Au(III) precursor is reduced by a strong reducing agent 

NaBH 4 ) in the presence of Fe 3 O 4 NPs, leading to the formation 

f < 10 nm Au seeds on the surface of the magnetic core ( Fig. 1 a)

 38 , 39 ]. Then further reacted with silver enhancer solution, in 

hich the gold surface provides nucleation site and accelerates Ag 

rowth on it, resulting in high-density of Ag particles are read- 

ly assembled on the Au seeded-Fe 3 O 4 NPs ( Fig. 1 b, see details in

ection 4 ) [40] . The selected area electron diffraction (SAED) pat- 

ern shows a superposition of Fe 3 O 4 , Au, and Ag lattices, showing 

ve distinguishable planes of (111), (200), (220), (311), (222) from 

g and three distinguishable ( −102), ( −104), and (141) plane from 

ron oxides. Other planes overlap with the Au/Ag planes ( Fig. 1 c). 

ransmission electron microscopy (TEM) and energy-dispersive X- 

ay spectroscopy (EDS) analysis shown in Fig. 1 d and f confirm 

hat Fe, O, Au, and Ag elements are hierarchically distributed over 

he hybrid structures. The average size of the Ag, estimated from 

0 particles, was ∼156 nm that is comparable to the Fe 3 O 4 core 

 Fig. 1 e). Further high-angle annular dark-field scanning transmis- 

ion electron microscopy (HAADF-STEM) images and morphologi- 

al analysis for the sequential fabrication of the Fe 3 O 4 /Au/Ag NPs 

re shown in Fig. S2, Supporting Information. 

.3. Magnetic actuation of the plasmonic-magnetic nanorobots 

In our approach, the nanorobots were constructed by assem- 

ling Fe 3 O 4 /Au/Ag NPs into rod-shaped microaggregates upon the 

pplication of a transversal rotating magnetic field. The assem- 

ly process is governed by a balance of magnetic dipole-dipole 

nteraction and electrostatic repulsion from charged NPs, thereby 

heir size limited in length of 2.49 ± 0.59 μm, and width of 

.10 ± 0.28 μm as shown in Fig. S3, Supporting Information. This 

tructure makes them sufficient magnetization to generate the de- 

ired movement [ 9 , 41 , 42 ]. Magnetic propulsion and navigation are

ontrolled by a transversal rotating magnetic field, as described in 

he previous report [9] . A rotating magnetic field applied in a ver- 

ical (x-z) plane exerts perpendicular magnetic torque ( τm 

) on the 

e 3 O 4 /Au/Ag nanorobots, thus they rotate along their long axis in 

he same x-z plane synchronized with a frequency ( f ) of an exter- 

al magnetic field. In this configuration, the drag force closed to 

he boundary is stronger than the other side, which makes a ve- 

ocity difference at both ends of the nanorobots, allowing propul- 

ion with a tumbling motion parallel to the horizontal (x-y) plane 

 9 , 41 , 42 ]. 

The prolusion velocity can be tuned by adjusting the transver- 

al rotating magnetic field frequency. As shown in Fig. 2 a and 
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Fig. 1. Characterization of Fe 3 O 4 /Au/Ag nanoparticles. (a,b) TEM images of Au seeded-Fe 3 O 4 particles (a) and after Ag enhancement (b). (c) SAED pattern, and (d) TEM-EDS 

mapping of Fe 3 O 4 /Au/Ag NPs. (e) Size distributions of Fe 3 O 4 , Au, and Ag, as measured by 50 particles from TEM images. (f) EDS spectrum from (d). 

Fig. 2. Magnetic propulsion and navigation of the Fe 3 O 4 /Au/Ag nanorobots. (a, b) Average velocity (a) and representative swimming trajectories (b) of the Fe 3 O 4 /Au/Ag 

nanorobots at a different frequency (Hz) of magnetic field ( n = 15, error bars represent the standard deviation of the mean). (c) Manual and programmable navigation of the 

Fe 3 O 4 /Au/Ag nanorobots. 
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, the average velocity of Fe 3 O 4 /Au/Ag nanorobots increases lin- 

arly with the actuation frequency and then reached a maximum 

peed of 8.9 μm s −1 ( ≈3.6 body length s −1 ) at the frequency of

5 Hz and magnetic field strength of 5 mT. Beyond this step-out 

requency (15 Hz), the nanorobots start to lost synchronous ro- 

ation and straight movement, which is consistent with previous 

eports [ 9 , 41 ]. Their real-time propulsion in various frequencies 
3 
s compared in Supplementary Movie 1. Furthermore, the propul- 

ion direction can be steered by controlling the angle of the rota- 

ion plane on a two-dimensional surface. In this study, we demon- 

trated two different navigation modes, i.e., manually steering and 

utomated random directional propulsion: (i) In the steering mode, 

he rotational plane angle can be manipulated manually, thus the 

anorobots can be propelled and steered on the x-y plane in a 
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Fig. 3. Optimization and efficiency of the nanorobot-based assay. (a,b) DPV measurements for electro-oxidation of the guanine residues with and without Fe 3 O 4 /Au/Ag NPs. 

Representative DPVs (a) and average intensity of DPV peaks (b). (c) Optimization target RNA detection depends on the magnetic actuation time. (d) Comparison of static-, 

shaking-, and magnetic swarming based assay for the SARS-CoV-2 RNA sensing. Data are presented as mean ± s . d. of triplicate measurements. 
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ontrollable fashion. (ii) In the automated propulsion mode, we 

rogrammed a magnetic controller that can generate random di- 

ectional rotation angle in every second, and thus the nanorobot 

an perform a continuous movement with random angular change. 

he trajectory of nanorobot was predefined by a pseudo-random 

equence with a uniform distribution of angles ( αi , 0 ≤ αi < 360 °, 
 = 1, 2, … N), and delay time (d, sec) between angle changes 

s shown in Fig. S4, Supporting Information. In both modes, the 

anorobots instantaneously respond to the rotational plane angle 

hange, because of the negligible inertial force, 1,3 therefore the 

recise directional maneuvering was possible as shown in Fig. 2 c 

nd Supplementary Movie 2. Consequently, we exploited the au- 

omated random mode propulsion for further autonomous target 

apturing and releasing in assay solution, in which the group of 

anorobots showed a continuous random directional movement 

n forward and backward (Supplementary Movie 3). This random 

ode swarming allows quick micro-fluid mixing and enhanced 

inding reaction in the entire sample solution. 

.4. Efficiency, sensitivity, and selectivity of SARS-CoV-2 RNA 

etection 

Using programmed random mode swarming of Fe 3 O 4 /Au/Ag 

anorobots and hybridization-based ssDNA probe detachment 

echanism, we demonstrated the nanorobot-based electrical read- 

ut platform for simple and efficient SARS-CoV-2 RNA detection. 

n the proposed assay, specific targeting of SARS-CoV-2 RNA was 

ransduced to the depletion of probe DNAs on the nanorobot body, 

hich can be quantified by measuring the electrochemical oxida- 

ion peak of guanine (G) residues using differential pulse voltam- 

etry (DPV) technique. To validate the role of Fe 3 O 4 /Au/Ag in the 

lectrochemical analysis, we evaluated the electrooxidation of ss- 

NA probes with and without NPs ( Fig. 3 a and b). The DPV mea-
4 
urement for 2 μM of ssDNA probes on the SPEs shows a clear 

xidative peak at 0.63 V, relying on the irreversible oxidation of 

 to 8-oxoguanine [43] . In addition, the current intensity of the G 

xidation peak was enhanced 1.2-, and 1.4-times when the same 

oncentration of probe DNAs (2 μM) was incubated with Fe 3 O 4 

nd Fe 3 O 4 /Au/Ag NPs, respectively. This observation could be at- 

ributed to that the NPs can provide a large surface area for ef- 

ectively adsorbing ssDNA probes on the electrode surface, and the 

igh electrical conductivity of Ag particles can enhance the electro- 

xidation of guanine residues [44–46] . Conversely, in the case of 

nly Fe 3 O 4 /Au/Ag NPs deposited without ssDNA probes, no peaks 

ere observed during the potential scanning (Fig. S5, Supporting 

nformation). 

Next, we evaluated the kinetics of the assay depending on the 

agnetic actuation time to yield the highest sensing performance. 

he oxidative G peak currents were measured while varying the 

eaction time under the rotating magnetic field, confirming that 

he 30 min magnetic actuation produced a maximum decrease 

f DPV signal, then saturated ( Fig. 3 c). Therefore, 30 min mag- 

etic actuation was chosen as the optimum time for further as- 

ays. Subsequently, the efficiency of magnetic swarming on the tar- 

et RNA sensing is compared with static- and shaking-based assays 

 Fig. 3 d). We defined the analytical signal as S 0 -S S /S 0 , i.e., �S/S 0 ,

here S S and S 0 denote the surface areas of G oxidation curve with 

nd without target RNA, respectively. In this way, the sensing sig- 

al can be expressed directly proportional to the concentration of 

he target RNA that provides an easy to interpret quantitative read- 

ut for the presence of the target RNA. In comparison to the vortex 

haking of assay tube at 800 rpm, the magnetic swarming-based 

ssay at 15 Hz generates a 1.7-fold higher signal, that confirms the 

nhanced micromixing and mass transfer by magnetically actuated 

anorobots are effective for improved RNA capture and hybridiza- 

ion. 



J. Kim, C.C. Mayorga-Martinez, J. Vysko ̌cil et al. Applied Materials Today 27 (2022) 101402 

Fig. 4. Hyperspectral dark-field microscopy (HDFM) analysis of the Fe 3 O 4 /Au/Ag nanorobots before and after target RNA detection. (a) Schematic of HDFM analysis samples: 

(i) probe DNA attached nanorobots, and (ii) after reacted with 10 0 0 nM of SARS-CoV-2 RNA. (b,c) Hyperspectral microscope images of the sample (i), and (ii) in (a). Red 

overlaid spots indicate pixels having peak intensity over 80 0 0. (d,e) Spectra collected from 5 pixels shown in the magnified images in b and c. 
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To further confirm the sensing strategy that is based on the 

unable affinity of the probe DNAs to the nanorobots, hyperspec- 

ral dark-field microscopy (HDFM) analysis was carried out. Fig. 4 

hows the HDFM images and scattering spectra of the probe DNA- 

agged nanorobots before and after assayed with 10 0 0 nM of SARS- 

oV-2 RNA under the standard condition (see details in Section 4 ). 

n their initial state, nanorobots were fully covered with ssDNA 

robes, which strongly shields the scattering of Ag particles. This 

ffect can be observed under a dark-field image as dimmed ob- 

ects and reduced scattering intensities ( Fig. 4 a(i), b, and d). In con-

rast, after hybridization and washing out the released hybridized 

uplexes, the scattering of Ag is recovered, and shiny particles are 

ppeared ( Fig. 4 a(ii) and c). Using a particle filter algorithm, the lo- 

alization of pixels with a peak intensity of over 80 0 0 counts was

apped in hyperspectral images. As shown in magnified images in 

ig. 4 c, red overlaid pixels spread over the nanorobots. Moreover, 

pectrum profiles of 5 pixels among them show strong scattering 

eaks in multiple wavelengths ( Fig. 4 e). The significant increase in 

he spectral peaks after the hybridization of ssDNA probes sup- 

orted the successful sensing mechanism used in the assay. 

Following the assay optimization and efficiency test, we eval- 

ated the analytical performance of the nanorobot-based elec- 

ronic readout platform for the SARS-CoV-2 RNA detection. A 

tandard curve was characterized using serially diluted target 

ARS-CoV-2 RNA. It showed a logarithmic linear relationship 

n the range of 5–10 0 0 nM with a regression equation of 

 = 0.024 ln(x) + 0.007 (R 

2 = 0.967), where y is �S/S 0 and x is the

oncentration of target RNA strain ( Fig. 5 a and b). The limit of de-

ection (LOD), defined as the concentration corresponding to a sig- 

al that is equal to three times the standard deviation of the blank, 

as calculated to be 1.8 nM. A selectivity test was performed us- 

ng equal concentrations (10 0 0 nM) of complementary (SARS-CoV- 

 RNA), single-base-mismatch, and non-complementary sequences 

 Fig. 5 c and Table S1, Supporting Information). Single base mis- 

atched strains showed an obvious signal decrease compared with 

erfectly matched sequences, due to the reduced efficiency of hy- 

ridization. Non-complementary sequences are not detected in the 

ssay, because they are not reacted with ssDNA probes and left 

nhybridized form. Finally, to validate the potential for practical 

linical use, we tested the viral RNA samples extracted from the 
e

5 
ARS-CoV-2 virus. The sensing signal showed linear responses to a 

eries of SARS-CoV-2 RNA in the range of 1.4 ng/mL to 1.4 mg/mL 

 y = 0.041 ln(x) – 0.035, R 

2 = 0.951), and the LOD was 6.1 ng/mL

see Fig. 5 d ) . These quantitative analysis results verified that the 

anorobot-based assay can be applied for actual clinical sample 

esting. 

. Conclusion 

In summary, we have demonstrated simple and efficient 

lasmonic-magnetic nanorobot-based SARS-CoV-2 RNA detection 

ssay. The nanorobots consist of Fe 3 O 4 backbone and the outer 

urface of Au and Ag, that fabricated by a facile colloidal as- 

embly process. Along the transversal rotating magnetic field, the 

e 3 O 4 /Au/Ag NPs pulled together and form rod-shaped micro- 

ssemblies, thereby achieving sufficient magnetization for further 

agnetic actuation. The resulting Fe 3 O 4 /Au/Ag nanorobots actively 

oved with a tumbling motion under the transversal rotating 

agnetic field, showing precisely maneuverable speed and direc- 

ionality. We demonstrated manually steered-, and programmed 

andom directional propulsion at the maximum speed of 8.9 μm 

 

−1 ( ≈3.6 body length s −1 ). The Ag metal surface aided the probe

NAs transport and release upon the hybridization, which is mi- 

roscopically evidenced by hyperspectral dark-field imaging analy- 

is. Particularly, the automated random swarming mode was ex- 

loited to facilitate fluid mixing and molecular binding kinetics, 

eading to a 1.7-fold higher sensing signal compared to the typical 

ortex shaking method. The proposed method showed a nanomo- 

ar detection limit without including an electro-catalytic or en- 

ymatic amplification mechanism, and which is similar or higher 

ensitivity compared with recently reported SPE-based nucleic acid 

ssays (Table S2, Supporting Information). Thus, the detection sen- 

itivity could possibly be further increased upon the combina- 

ion with electrode modification or nucleic acid amplification (i.e., 

CR) technique. In addition, the high selectivity of the assay was 

valuated with single-base-mismatch, and non-complementary se- 

uences. Further testing with extracted SARS-CoV-2 RNA samples 

alidated the clinical applicability of the proposed assay. This strat- 

gy is versatile to extend targeting various nucleic acids, thus it 
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Fig. 5. SARS-CoV-2 RNA detection with swarming Fe 3 O 4 /Au/Ag nanorobots and electrical readout platform. (a,b) Representative DPVs (a) and calibration curve (b) of the assay 

with different amounts of target SARS-CoV-2 RNA strain. (c) Selectivity evaluation against different non-tar get strains. (d) Detection linearity of the extracted SARS-CoV-2 

RNA samples. Data are presented as mean ± s . d. of triplicate measurements. 

Scheme 1. Schematics of plasmonic-magnetic nanorobots-based electrical readout 

platform for SARS-CoV-2 RNA detection. (a) Proposed sensing strategy: collective 

swarming of probe DNA-tagged Fe 3 O 4 /Au/Ag nanorobots captures target RNA and 

releases hybridized duplex. (b) Electrical readout of guanine oxidation with DPV 

signal on the screen-printed electrode. 
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ould be a promising detection tool for other emerging infectious 

iseases, environmental toxins, and forensic analytes. 

. Experimental section 

.1. Materials 

Iron (II, III) oxide nanopowder (product No. 637106), gold(III) 

hloride trihydrate (HAuCl 4 •3H 2 O), silver nitrate (AgNO 3 ), 

risodium citrate (TSC) dehydrate (C 6 H 5 Na 3 O 7 •2H 2 O), sodium 

orohydride (NaBH 4 ), hydroquinone (C 6 H 6 O 2 ), citric acid (C 6 H 8 O 7 ),

odium chloride (NaCl), phosphate buffer solution (PBS, 1 M, 

H 7.4) were obtained from Sigma −Aldrich Inc. (St. Louis, 

O). All aqueous solutions were prepared using Milli-Q-grade 

 > 18.2 m Ω /cm) deionized (DI) water. All synthetic oligonucleotides 

ere purchased from Sigma-Aldrich (Darmstadt, Germany), and 

he sequences are shown in Table S1, Supporting Information. The 

iral RNA was isolated from SARS-CoV-2 virus (strain SARS-CoV- 

/human/Czech Republic/951/2020, isolated from a clinical sample 

t the National Institute of Public Health, Prague) using QIAmp 

iral RNA mini kit (Qiagen), according to the manufacturer’s 

ecommendations. The virus was passaged in Vero E6 cells five 

imes before its use in this study. 

.2. Synthesis of Fe 3 O 4 /Au/Ag nanoparticles 

The Fe 3 O 4 /Au/Ag NPs were synthesized by the two-step se- 

uential chemical reduction method. The commercially available 

e 3 O 4 nanopowder (ca. 150 nm in diameter, product No. 637106, 

igma −Aldrich) was used as a magnetic core. To prepare Au seed- 

oated magnetic cores, 4 mg of Fe 3 O 4 NPs were dissolved in 2 mL 

f DI water, followed by mixing with 2.5 mM HAuCl 4 (2 mL) 

nd 5 mM TSC (2 mL). Then, 100 μL of freshly prepared 0.1 M 
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aBH 4 was added to the mixture solution while irradiating ultra- 

ound [ 38 , 39 ]. The solution turned dark reddish immediately after 

dding NaBH 4 , indicating Au seeds formation. The ultrasound ir- 

adiation continued for 30 min, followed by washing with DI wa- 

er three times. Ag particles are grown on the Au seeds, using a 

ilver enhancement process according to the previous report [40] . 

riefly, a hydroquinone-citrate buffer solution (pH 3.6) was pre- 

ared by dissolving 0.1 M citric acid, 0.1 M trisodium citrate, and 

.1 M hydroquinone. The silver enhancer solution was prepared 

y mixing 4.25 mL of hydroquinone-citrate buffer with 0.75 mL 

f 0.1 M AgNO 3 solution. Next, the as-prepared Au seeded Fe 3 O 4 

Ps (1 mg/mL) were mixed with the silver enhancer solution as a 

olume ratio of 1:1, then agitated at 600 rpm, for 20 min under 

ow light. The resulting particles were then washed with DI water 

hree times and used for nanorobot assembly. 

.3. Assembly of nanorobots and magnetic actuation 

The magnetic actuation of nanorobots was performed using a 

ransversal rotating magnetic field generated by a home-made tri- 

xial coil setup. More details about the magnetic manipulation 

ystem can be found in the authors’ previous report [9] . Briefly, 

he system consists of three pairs of electromagnetic coils that 

ere mounted on an inverted optical microscope (Olympus CKX53, 

quipped with a Basler acA-1920-155um monochrome CMOScam- 

ra) and is capable of generating the transversal rotating magnetic 

eld with a controllable intensity and frequency by the connected 

ower supply. For the preparation of nanorobots, the designated 

ow concentration ( < 0.1 mg/mL) of the Fe 3 O 4 /Au/Ag NPs were pre-

ared in an aqueous solution, and applied the transversal rotat- 

ng magnetic field, at 5 mT, 15 Hz, for 1 min. During the magnetic

eld application, NPs gradually closed each other and formed rod- 

haped micro-assemblies (Fig. S3, Supporting Information). Over 

his designated concentration, the assembly process led to uncon- 

rollable aggregation, thus occurred sedimentation of long chain- 

ike structures. The motion was recorded at a 50 X objective lens. 

IS-Elements AR 3.2 software was used to obtain the tracking tra- 

ectories and average speed from the recorded videos. In typical 

otion analysis, 10 μL of nanorobot solution was dropped on a 

lass slide and located inside the electromagnetic coils. The rota- 

ional frequency of the magnetic field, and the steering plane angle 

re independently controlled by the power supply of the magnetic 

oil device. 

.4. Magnetically actuated nanorobot-based target RNA sensing 

In the typical assay, the Fe 3 O 4 /Au/Ag nanorobots (0.1 mg/mL, 

 mL) were washed with 0.1 M PBS buffer (pH 7.4) and incubated 

ith 2 μM of DNA probes (10 μL) at 800 rpm, 42 °C, for 1 h. The

esultant solution washed three times with sequential buffer so- 

utions, TSC buffer 1 (0.75 M NaCl + 75 mM trisodium citrate, pH 

.0), TSC buffer 2 (0.30 M NaCl + 30 mM trisodium citrate, pH 7.0),

nd 0.1 M PBS buffer. Then, redispersed in 0.1 M PBS buffer with 

.2 mg/mL concentration. Finally, 50 μL of the probe DNA-attached 

anorobots were incubated with target RNA samples (10 μL). This 

tep was performed inside the electromagnetic coil setup, with ap- 

lied the random mode rotating magnetic field at 5 mT, 15 Hz, for 

0 min. The assayed solution was washed with 0.1 M PBS buffer 

hree times, then redispersed in the same buffer. After completion 

f the target sensing step, the working electrode of SPE was modi- 

ed by drop-casting 5 μL of the assayed sample, in which a small 

eodymium magnet is equipped underneath the electrode for bet- 

er locating magnetic nanomaterials. The DPV measurement was 

onducted in 0.1 M PBS buffer solution (pH 7.4) with operating pa- 

ameters of 50 ms modulation time, 0.5 s interval time, 10 mV step 

otential, 50 mV modulation amplitude, and 20 mV s −1 scan rate. 
7 
nless otherwise stated, all assays were carried out with this stan- 

ard condition. 

.5. Characterization 

The morphologies of the Fe 3 O 4 /Au/Ag NPs were characterized 

y scanning electron microscopy (MAIA3, Tescan, Czech Repub- 

ic) equipped with an energy dispersive X-ray detector (Oxford In- 

truments, UK), and transmission electron microscopy (Jeol JEM- 

200FS, Japan). The dark-field microscopic imaging and hyperspec- 

ral data were obtained by the CytoViva Hyperspectral Imaging 

ystem (CytoViva Inc., USA). For the electrochemical analysis, dis- 

osable screen-printed electrodes (eDAQ Instruments, Europe) with 

 three-electrode configuration were used. The differential pulse 

oltammetry (DPV) measurement was performed using Autolab 

GSTAT204 workstation (Metrohm, Netherlands) that operated by 

 NOVA 2.1 software. The raw data were processed with a baseline 

orrection of guanine oxidative peak using a NOVA 2.1 software. 
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